Two classes of compous which bind to calnodulin in a calciumdependent manner (neuroleptic drugs and local anaesthetics) were used to investigate the possible involvement of a calcium-dependent regulator protein in the action of the plant hormones cytokinins.
seedlings was used as one test system. The calmodulin antagonists inhibited betacyanin synthesis with the following order of potency: fluphenazine > trifluoperazine = pimozide > chlorpromazine > dibucaine > penfluridol > haloperidol > tetracaine, over a concentration range (ICs,) of 0.1 to 0.6 minmoolar. Red lht and fusicoccin increase betacyanin accumulation and are synergistic with cytokinins. These red light-and fusicoccin-dependent inductions were inhibited by lower concentrations of the drugs than cytokiin-dependent induction, and the order of potency of the drugs was not precisely the same. The results are compatible with the hypothesis that cytokinins may act, at least in part, by nging ion fluxes, with the additional involvement of a cainoduln
The second cytokinin-regulated response studied was growth in soybean callus culture. In this system, inhibition was observed with lower concentrations of drugs than in cytokinin-dependent betacyanin synthesis with an order of inhibitory potency of pimozide = trifluoperazine > penfluridol > chlorpromazine > haloperidol > tetracaine. The effective concentration range (IC5o) was from 0.07 to 0.5 milmolar.
Inhibition of betacyanin synthesis by 0.15 mflimolar trifluoperazine and of soybean callus growth by 2 milimolar tetracaine were both reversible.
Cytokinins can be shown to regulate the induction in the dark of betacyanin accumulation in Amaranthus tricolor half-seedlings. Inhibition ofsynthesis ofmembrane components during a seedling pretreatment involving heat shock and aging, and during induction of the half-seedlings shows that new membrane synthesis, and possibly increased membrane synthesis, are required for the potentiation of the cytokinin response (10) . Some idea of the identity of the membrane function involved has been gained from the following experiments. Increased proton extrusion has been shown in Amaranthus cotyledons and protoplasts (3) and in leaf parts and cotyledons of other plants (22) in response to the synthetic cytokinin BA. Betacyanin accumulation is stimulated 50 to 100% by K+ in the exogenous medium, the best induction being given by K+/Na+ mixture with phosphate as the anion (6) . Cytokinin and fusicoccin (a phytotoxin which enhances H+ extrusion and K+ uptake [23] ) are synergistic in increasing betacyanin accumulation (5) as are cytokinin and red light (8) . These results led to the conclusion that cytokinins affect ion fluxes, particularly ' Supported by grants from the Australian Research Grants Committee and the Flinders University Research Budget.
KV. This conclusion is supported by inhibitory effects of uncouplers used for destroying proton fluxes and of inhibitors of membrane ATPases (5) .
Previous work on the Amaranthus system has, in addition, given evidence of Ca2" involvement in betacyanin accumulation (see Discussion) . Hence, in view of the widespread involvement of calmodulin in many Ca2"-regulated events (see references in Ref.
#9), the present study was undertaken to see if certain drugs which inhibit calmodulin-dependent processes have any effect on the cytokinin-regulation of betacyanin synthesis. Preliminary experiments on the use of trifluoperazine m this system have been reported (9) . The second cytokinin-regulated response (control of cell division in cell cultures) was included in this study to explore the generality of the drug effects on cytokinin action.
MATERIALS AND METHODS
Chemicals. Benzyladenine, dibucaine, chlorpromazine, tetracaine, and L-tyrosine were from Sigma. Generous gifts of chemicals were received from the following companies: E.R. Squibb and Sons (fluphenazine dihydrochloride), Searle Laboratories (haloperidol), Janssen Pharmaceutica Pty. Ltd. (pimozide and penfluridol), Smith, Kline, and French Laboratories (trifluoperazine).
Standard Assay Conditions for Betacyanin Accunulation. Methods have been described elsewhere (7) for the germination of seeds ofAmaranthus tricolor and the pretreatment ofhalf-seedlings (ie. cotyledons plus the top 5 mm of the hypocotyl). Aging of half-seedlings in water (1.5 h at 40°C followed by 1.5 h at 25°C) was found to maximize subsequent cytokinin-induction. The basic induction-medium was 5 mM L-tyrosine (betacyanin precursor) in 10 mm K2HPO4-NaH2PO4 (pH 6.8) ± 0.5 ,UM BA (synthetic cytokinin), and the incubation was at 25°C for 24 h in the dark. Betacyanin was extracted in 3.33 mm acetic acid and measured at 537 nm (7) .
Soybean Callus Assay. The procedure of Miller (24) was used for the growth of soybean callus material and the assay of cytokinin-dependent growth. Cultures were maintained on standard medium with the addition of 0.5 pM BA and 30 ,UM IAA.
RESULTS
Assays of betacyanin accumulation in Amaranthus half-seedlings in the absence and presence of BA (0.5 ,UM) are shown in Table I ; the effects of various calmodulin-binding compounds (neuroleptic drugs and local anaesthetic amines) are also shown. Two characteristics of the responses to a range of concentrations are noteworthy. The effect of anti-calmodulin drugs on betacyanin synthesis is a biphasic one, with stimulation at low concentrations, and inhibition at higher concentrations. If the data are plotted, the slope around IC502 is steep, reminiscent of a titration curve. relative order of potency of the drugs. Table IV shows the effects of the anti-calmodulin compounds on the cytokinin-dependent growth of soybean callus tissue. Again, the concentrations for 50% inhibition are less than needed for cytokinin-dependent betacyanin accumulation. The relative order of potency is similar to that seen in the red light-and fusicoccin-dependent responses (Table III) . Reversal of the tetracaine inhibition was demonstrated by transferring pieces of tissue from medium containing 2 mm inhibitor to fresh medium after 2 weeks. Harvested at 4 weeks with the rest of the experiment, these had grown to 1.5 g/flask, compared with 0.45 g (with 2 mm inhibitor continuously present) and 3.38 g (control).
DISCUSSION
The Ca2+-dependent modulator protein calmodulin has been isolated from plant material and shown to be very similar to calmodulin from animal sources (1, 33) . Its ability to activate cyclic nucleotide phosphodiesterase and the Ca2+-dependent inhibition of this activation by certain pharmacological agents are two of the points of similarity. These drugs have indeed been shown to inhibit many calmodulin-dependent processes (34) . Inhibition of a developmental process in plants by the phenothiazines and related compounds in a manner correlated with their calmodulin-binding affinity (21) does, therefore, provide tentative evidence for a Ca2 -dependent protein activator being involved in the process. Comparison of the relative order of potency of the compounds used for the inhibition of betacyanin synthesis in this study (neuroleptic drugs and local anaesthetics) with data reported earlier for various Ca2 -dependent processes is made in Table III . Although in most cases (20, 21) inhibitions by neuroleptic drugs have been interpreted as effects on Ca2 -calmodulin requiring processes, in one study (30) the evidence is that the primary effects of the drugs is mediated through a competitive inhibition of enzyme activation by phospholipid. The relative order of inhibiting potency for BA-dependent betacyanin synthesis is fluphenazine > trifluoperazine = pimozide > chlorpromaine > dibucaine > penfluridol > haloperidol > tetracaine. Although this is not a perfect correlation with the ability to bind to either calmodulin or phospholipid, it has been pointed out (12) that differences in uptake and accessibility to the target molecules may explain the disagreement between in vitro and in vivo potencies.
As well as Ca2+-dependent interactions with calmodulin and phospholipid, nonspecific interaction of these drugs needs to be considered. Recent studies (25, 28) suggest that antagonism of calmodulin-activation ofphosphodiesterase activity by some drugs is unrelated to their pharmacological specificity and occurs at a structurally nonspecific hydrophobic site on the protein. In interpreting the present result, such nonspecific interaction should be kept in mind as well as more general nonspecific membrane binding effects due to the general hydrophobicity of the drugs and their partitioning into a lipid environment. Such precautions are especially important in view of the wide variety of membraneassociated events and enzyme activities influenced by neuroleptic drugs (31) .
Local anaesthetics are the other class of compound which have been shown to inhibit strongly the specific stimulation by calmodulin of erythrocyte Ca2+-ATPase and cyclic nucleotide phosphodiesterase from brain and heart (32) . Tetracaine was found to inhibit betacyanin synthesis at 600 iLM (IC50) and dibucaine at 300 ,um, i.e. a similar relationship to that found for their inhibition of the calmodulin-dependent stimulation of the enzymes. Although some effects of anaesthetics on membrane permeability are not dependent on Ca2' and appear to be due to interactions with specific ionic channels (13) Data from a number of other c'tokinin-dependent systems also supyort a connection between Ca + and cytokinins. In some cases, Ca+ has additively or synergistically enhanced the cytokinin response (e.g. retardation of senescence in corn leaf discs [26] ; enlargement of Xanthium cotyledons [19] ; stimulation of ethylene production in mung bean hypocotyl [15] ) or replaced the cytokinin effect (e.g. in Chinese cabbage leaf discs [27J). In the latter case, Ca2e at low concentrations (<5 mM) gave additive effects with BA; at higher concentrations of Ca2' (30 mM), the additive effect was abolished. In red-cabbage seedlings, Ca2+ (7 mM) has been found to inhibit kinetin stimulation of anthocyanin production (2) . EDTA in this system promotes anthocyanin synthesis.
Kinetin greatly increased the uptake of Ca2+ (and vice versa) in mung bean hypocotyl (15); cytokinins have also been shown to enhance Ca2' uptake into cells of the fungus Achyla, and to allosterically regulate the binding of calcium to a cell surface glycoprotein from these cells (16) (17) (18) . Recently, a localization of membrane-associated Ca2+ has been shown at the presumptive bud site in the target caulonema cells of Funaria 12 h after cytokinin treatment (29) . Furthermore, pretreatment of meristematic or maturing (but not elongating) zones ofsoybean hypocotyl results in an increase in ATP-dependent Ca2+ transport in plasmalemma preparations (14) .
Hence, the interrelations between calcium and cytokinin are widespread and in many of these cases membrane function is clearly implicated. The hypothesis that cytokinin action is based on activation of a plasma membrane ATPase having selective effects on monovalent ion transport is developed in the Introduction. From the results in this paper, an extension of this hypothesis is suggested to include a Ca2+ involvement in the ion flux. Whether the two classes of inhibitor are inhibiting betacyanin synthesis by reacting with phospholipid (30) or with calmodulin (34) would not affect this general conclusion. Caution would still need to be exercised, however, to accommodate the possibility of a structurally nonspecific hydrophobic binding to membranes by the drugs with subsequent inhibition of some membrane-bound cytokinin effect, not necessarily involving Ca2+.
The greater sensitivity ofthe red light-and fusicoccin-dependent responses is compatible with a mechanism ofcontrol by cytokinins at two levels as previously discussed (5, 8) with selective effects on ion transport common to cytokinins, red light, and fusicoccin, and an additional role by cytokinins at the level ofmembrane synthesis (1 1).
In addition, the inhibitory effects on cell division in the soybean callus system indicates that the primary action of cytokinins here may involve similar processes to those of cytokinins in enzyme induction.
